We report on the fabrication and characterization of a Fabry-Perot microcavity enclosing a thin diamond membrane at cryogenic temperatures. The cavity is designed to enhance resonant emission of single nitrogenvacancy centers by allowing spectral and spatial tuning while preserving the optical properties observed in bulk diamond. We demonstrate cavity finesse at cryogenic temperatures within the range of F = 4, 000 − 12, 000 and find a sub-nanometer cavity stability. Modeling shows that coupling nitrogen-vacancy centers to these cavities could lead to an increase of remote entanglement success rates by three orders of magnitude.
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Nitrogen-vacancy (NV) centers in diamond are promising building blocks for realizing quantum networks for computation, simulation and communication. The NV center electron spin and nearby nuclear spins form a robust multi-qubit quantum network node that is fully controlled by microwave and optical pulses 1, 2 . Separate network nodes can be entangled through spin-photon entanglement and subsequent two-photon interference and detection [3] [4] [5] . The success rate of such entangling protocols is limited by the low probability (few percent) of the NV center emitting into the resonant zero phonon line (ZPL). Coupling of an NV center to an optical cavity can greatly increase the rate of generation and collection of ZPL photons through Purcell enhancement 6 . Purcell enhancement of the ZPL has been demonstrated in several cavity architectures such as diamond photonic crystal cavities [7] [8] [9] [10] [11] , microring resonators 12 and hybrid structures with evanescently coupled nanodiamonds [13] [14] [15] [16] . In recent years the open Fabry-Perot microcavity 17 has emerged as a promising platform for diamond emitters [18] [19] [20] [21] [22] . Such a microcavity provides in-situ spatial and spectral tunability, while reaching strong field confinement due to its small mode volume V and high quality factor Q. Moreover, this architecture allows for the use of diamond slabs 23 in which the NV center can be relatively far removed from surfaces and thus exhibit bulk-like optical properties, as required for quantum network applications.
Here we report on the realization of a high-finesse tunable microcavity enclosing a diamond membrane and its characterization under cryogenic conditions as relevant for quantum network applications. Our cavity employs a concave fiber tip fabricated using a CO 2 laser ablation technique 24 coated with a dielectric mirror stack, and a high reflectivity plane mirror onto which a thin diamond membrane is bonded (see Figure 1(a) ). This cavity configuration is mounted inside a closed-cycle cryostation (Montana Instruments). To minimize scattering loss as required for a high finesse optical cavity, low surface roughness at the mirror-diamond and diamond-air interfaces is essential. We fabricate the diamond membrane ( Figure 1(b) ) by etching a polished 30 µm thick diamond sheet (ElementSix) down to ≈4 µm using Ar/Cl 2 inductively coupled plasma reactive ion etching. This etching process is known to preserve the surface smoothness of the diamond 25, 26 . Using AFM, we measure a final diamond roughness value of 0.35 nm RMS. Finally the membrane is bonded to the plane mirror by Van der Waals forces 27 . We first study the cavity modes by recording transmission spectra as a function of cavity length using broadband excitation from a supercontinuum laser (see Figure  1(c) ). From these spectra we extract the frequency of the fundamental modes of the cavity. The fiber mirror can be moved laterally to obtain an empty cavity (spectrum in Figure 1(d) ), or a cavity including a diamond membrane (Figure 1(e) ). The notably different length dependency for the two cases is a direct consequence of the presence of the high refractive index (n d = 2.417) diamond membrane within the optical cavity. The partially reflecting interface between diamond and air creates a configuration in which the cavity field can be localized in air-like modes, with a length dependency similar to Figure 1(d) , and in diamond-like modes, that are largely insensitive to changes in the cavity length. Due to the coupling between these modes, the behaviour of the fundamental modes in Figure 1 (e) displays avoided crossings. The resulting resonant cavity frequencies ν are determined from a one-dimensional lossless cavity model 21, 28 :
and fit to the measured resonant frequencies to extract the diamond thickness d and the length of the air layer in the cavity L a with an accuracy up to λ/2. The intrinsic cavity properties are described by the finesse that we calculate using the cavity length (as determined by the transmission spectra) and the cavity linewidth in frequency. To measure the latter we couple light with a frequency of 471.3 THz from a narrowlinewidth (< 1 MHz) diode laser into the cavity and detect the transmitted signal using a photodiode as we scan the cavity length across the resonance. Phasemodulation was used to create laser sidebands at a fixed 6 GHz separation to directly determine the cavity linewidth in frequency (Figure 2(a,b) ). We obtain the finesse of the cavity for different cavity lengths. These measurements are repeated at different positions on the diamond membrane and at different temperatures (300 K and 11 K). The results are summarized in Figure 2( 17, 21 ; potential causes are cavity misalignment and contact between the fiber and the plane mirror.
We further investigate the variation of the average finesse as a function of the character (air-like versus diamond-like) of the cavity mode. Cavities formed at the steepest part of a mode (Figure 1(e) ) are assigned an 'air-like character' of 1, whereas the cavities at the flat part have air-like character of 0. Intermediate values are obtained from a linear interpolation by frequency. The bare cavity, that we approximate to have an air-like character of 1, has a finesse of F ≈ 28, 000 (Figure 2(d) ), which is in agreement with the value expected from the mirrors' parameters. Inserting the diamond membrane into the cavity reduces the finesse. We attribute this reduction to several effects. First, adding a diamond interface into the optical cavity introduces an additional loss mechanism due to scattering from the diamond surface. Given the measured surface roughness of the diamond membrane we expect a reduction in finesse due to scattering to F ≈ 21, 000 29 . Second, the refractive index of the plane mirror coating is optimized for bare cavity applications. Inserting a diamond membrane (which has a higher refractive index than air) will lower its effective reflectivity, reducing the finesse threefold 21 . The influence of these mechanisms is strongly dependent on the character of the mode in the cavity. The modes with a diamond-like character have an antinode at the airdiamond interface, and therefore are most susceptible to scattering at the diamond surface. The trend in the data in Figure 2 (d) is consistent with the above consideration, where modes with a more air-like character show a higher finesse.
We estimate the effect that the cavities realized here would have on an embedded NV center's excited state lifetime as well as the probability that emission occurs via the ZPL into the cavity mode (Figure 2(e) ). We use the Purcell factor F for an ideally placed and oriented . The shaded region shows the finesse range 4, 000 − 15, 000 measured for cavities containing diamond.
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and use bulk-like free-space values for the branching ratio into the ZPL (3%) and excited state lifetime (12 ns) 12 . A more complex model that explicitly takes dephasing, phonon side-band emission and other cavity modes into account 19, 30 yields quantitatively similar results (not shown). We find that the emission properties of the NV center would be greatly improved, with a probability of emission into the cavity mode via the ZPL above 80% for the current finesse values, compared to the ≈ 3% probability into all modes for the uncoupled case. Thus, both the relative contribution of ZPL photons to the emission as well as the collection efficiency may be significantly enhanced using these cavities.
The linewidth measurements in Figure 2 probe the intrinsic cavity properties at time scales comparable to the scan time (0.1 ms at T = 11 K). Cooling the system to cryogenic temperatures introduces significant low-frequency (up to about 10 kHz) mechanical noise from the cryostation pulse tube, which results in cavity linewidth broadening when averaging over time scales longer than (10 kHz) −1 . We probe the effect of the lowfrequency noise on the system by measuring the cavity transmission signal as a function of the laser frequency at a fixed cavity length (50 × λ 2 ). The laser frequency is swept slowly compared to the pulse tube cycle time, ensuring that the full effect of pulse-tube-induced vibrations is visible in the data. The resulting signal is shown in the orange curve in Figure 3(b) . The broadened cavity linewidth is fitted with a Gaussian function, for which a full width half maximum (FWHM) of 22.2(7) GHz is found. This value is a direct measure of the cavity displacement from its resonance position of 0.80(3) nm.
Synchronization of our measurement to the 1-Hz cycle of the cryostation pulse tube gives further insight into the effect of the mechanical noise. In Figure 3 (c) we present the dependence of the effective cavity linewidth on the measurement delay with respect to the cryostation sync signal (Figure 3(a) ). We find that the vibrations of the system are strongly dependent on the timing within the cryostation cycle, with the cavity linewidth broadening varying from 14 GHz to 50 GHz. The open red datapoints in Figure 3(b) show the photodiode signal for the lowest vibration time-bin, 250-300 ms after the sync signal, for which the Gaussian fit gives a cavity length displacement of 0.48(3) nm. Cavity displacement can be further reduced by employing active cavity stabilization methods such as the Pound-Drever-Hall technique 31 . Figure 3(d) shows the effect of the low-frequency vibrations on the expected fraction of the NV center's emission into the ZPL as calculated in Figure 2(d) . We use a Gaussian distribution of the displacements as found in the vibration-sensitive measurement of Figure 3 (b) and a target cavity finesse of 5,000. For the measured vibration levels, we expect the resulting emission via the ZPL into the cavity mode to be 33% which still greatly surpasses the native NV center's emission. In the analysis, we assume the case of an ideally placed emitter within the cavity field (Figure 3(d) (solid line) ). We additionally explore the effect of a non-ideal dipole orientation and emitter location, resulting in an emission probability of 26% (Figure 3(d) (dashed line) ). In practice, close-toideal conditions could be achieved by utilizing a 111 -oriented diamond crystal and achieving a high NV-center concentration through nitrogen implantation 32 or nitrogen delta-doping growth 33 . Stable implanted NV centers with the desired linewidths have already been reported 32 . In conclusion, our tunable, high-finesse Fabry-Perot microcavity with an embedded diamond membrane reaches high finesse values of F ≈ 12, 000 at cryogenic temperatures.
The demonstrated 0.48 nm length stability under these conditions would enable an approximately 13 times increase in the NV ZPL photon emission. Additionally, these resonant photons are all fed into the well-defined spatial cavity mode that is well suited for collection, leading to an estimated 3 times enhanced collection efficiency. For demonstrated NV center remote entangling schemes that rely on two-photon interference 3,5 the resulting boost in the generation and collection of resonant photons in the presented architecture would thus offer an (3 × 13)
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